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Abstract
Using molecular dynamics simulation, we perform nanoindentation simulations on a Ni-graphene
model system, in which a graphene flake coats the grain boundary of a Ni bi-crystal. Material
strengthening or weakening by inclusion of graphene is discussed with the help of the force needed
to indent to a specified depth. By varying the depth of the graphene flake with respect to the
indentation depth we identify the distance up to which graphene influences the indentation behavior.
In addition, we vary the details of the modeling of the graphene flake in the matrix metal and
determine their influence on the performance of the nanocomposite. Our results indicate that the
modeling results are robust against variations in the modeling of the graphene flake.
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1 Introduction
Nanoindentation is a well-established tool for studying the strength of materials [4, 1].
Molecular dynamics simulation has been frequently employed to investigate the processes
occurring under nanoindentation with atomistic detail [21, 20]. In ductile materials, it allows
in particular to monitor the generation of dislocations during the indentation and their
subsequent propagation into the material as well as dislocation reactions, annihilations or
interactions with interfaces.
Recently, nanocomposite materials – and here in particular graphene-metal nanocom-
posites – came into the focus of research [5]. This class of materials uses graphene with its
high in-plane elastic modulus and yield strength as a strengthening filler component in a
metal matrix [19, 32, 28, 30]. For the understanding of plastic processes in this composite
material, the interaction of dislocations with graphene flakes is relevant. Indeed, a number of
simulation studies investigated this interaction. They found that as a rule graphene blocks
the penetration of dislocations, thus increasing the density of dislocations near the indenter
[14, 12, 3, 22]. However, the graphene interface may also absorb dislocations which eventually
results in a wrinkling of the graphene layer [25].
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Figure 1 Left: Schematic setup of the bi-crystal used. The lower (purple) and the upper (yellow)
Ni block are separated by a twist grain boundary with twist angle θ. In the grain boundary, a
graphene layer (brown) is inserted. The Ni blocks have (111) surfaces. Right: Position of the
indenter (red) at the beginning of the simulation and sizes of the simulation system.
In this paper, we will focus on Ni as matrix metal. Ni is a prominent matrix material and
has been used in a variety of both experimental and computational studies of Ni-graphene
nanocomposites [2, 11, 10, 15, 31, 16, 27, 25]. (111) surfaces of fcc metals have the same
symmetry as graphene, and indeed often this is the preferred orientation of the metal-
graphene interface [11]. However, because of the lattice mismatch between Ni and graphene,
the interface is incoherent.
Recently, the hardness of Ni(100)-graphene [25] and Ni(111)-graphene [26] composites was
studied in detail. As a model case, one may consider a Ni bi-crystal whose grain boundary is
coated by a graphene flake. For this case, it could be concluded that the ideal Ni crystal is
the hardest. Grain boundaries weaken it, in particular those with an incoherent and weak
(i.e., high grain-boundary-energy) interface. The inclusion of graphene does not harden the
composite, since (i) graphene is loaded perpendicular to its strong direction; (ii) it is opaque
to dislocation slip, and dislocation absorption at the interface weakens the material; (iii) as
soon as dislocations nucleate also in the lower Ni block, the indentation force is reduced.
When the tip touches the graphene, it may result in interface failure, reducing the composite
hardness. So in total, graphene addition does not strengthen the material in this model
scenario.
In the present paper, we study to what extent details of the atomistic modeling affect the
performance of the Ni-graphene interface in nanoindentation. To this purpose, we vary the
exact positioning of the interface – both the depth of the graphene flake, its lateral position,
and the orientation of the flake with respect of the Ni matrix – and study its influence on
the nanoindentation. In addition, we also study how the interaction between graphene and
Ni influences the results.
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2 Simulation method
We use a Ni bi-crystal as simulation system, see Fig. 1. It has a (111) surface and contains a
twist grain boundary. Two twist angles are studied in this work, θ = 60◦ and 30◦. From a
study of the grain boundary energy [17], is known that the 60◦ grain boundary is strong,
while the 30◦ grain boundary is weak. The upper block has a height h which is taken to be
3, 5, and 8 nm. The entire Ni system has a a height of 30 nm and lateral extensions of 42
nm, containing approximately 4.9 million atoms.
A graphene flake of square shape is introduced into the grain boundary. It has a side
length of 34 nm and is aligned with the lattice of the lower Ni block.
Structures containing graphene in the grain boundary will be denoted as g (graphene)
systems, while elemental Ni systems will be denoted as hm (homointerface) systems.
We use the Mishin potential [13] to model the Ni-Ni interactions and the AIREBO
potential [23] for the C-C interactions. The interaction between Ni and C is modeled by a
Lennard-Jones potential according to Ref. [7].
The indenter is modeled non-atomistically as a spherical tip of radius 5 nm. It interacts
with the substrate atoms via a repulsive potential according to the recipe of [8]. During the
simulation, the indenter moves with a velocity of 20 m/s into the workpiece to a depth of 5
nm.
For each system, we perform 5 individual indentation simulations which differ from each
other by the exact positioning of the indenter; it was moved in lateral direction randomly to
another position by around ± 2 Å. Data shown are averages over these 5 simulations, unless
specified otherwise.
In the Appendix 5, we also study how the orientation of the graphene flake with respect
to the indentation direction influences the indentation process. For this purpose, graphene
flakes oriented parallel to the indentation direction are introduced in the substrate.
The simulations are performed with the open-source code LAMMPS [18] using a constant
time step of 1 fs.
3 Results
3.1 Influence of the depth of graphene
We display in Fig. 2 the forces exerted on a Ni-graphene composite during indentation to a
depth of 5 nm. Three different depths of the graphene flake are compared with each other:
(i) 3 nm – here the indenter touches the flake during indentation; (ii) 5 nm – here the flake
is only touched at the deepest point of indentation; (iii) 8 nm – the indenter never touches
the flake. Note that the figure shows averages over 5 simulations, since it is known that
individual indentation events – differing by the exact indentation point – may vary from
each other due to the statistical nature of dislocation generation and movement [26].
Results are shown in Fig. 2b for two different grain boundaries: for a strong grain
boundary – the 60◦ twist grain boundary – in Fig. 2a and for a weak grain boundary – the
30◦ twist grain boundary. We first discuss the data for the strong grain boundary, Fig. 2a.
Apart from statistical fluctuations, the data show astonishingly little difference. In particular,
when the indenter touches the interface for the h = 3 nm flake, the curves remain unaffected.
Only at depths > 3 nm, after the indenter touched the interface and starts bending down
the graphene flake, the force required for indentation for the h = 3 nm flake is largest. The
force-depth curves for the graphene flakes positioned deeper inside the Ni matrix, 5 and 8
nm, show no differences.
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Figure 2 Force-depth curves for indentation in a Ni bi-crystal containing a (a) 60◦ and (b) 30◦
twist grain boundary coated with graphene. Data are shown for three different depths h (3, 5, and 8
nm) of the grain boundary.
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The results are similar for the the weak 60◦ twist grain boundary, Fig. 2b. Again the
indentation forces required for graphene flakes positioned at various depths are quite similar
to each other. Only for the shallowest flake, situated a 3 nm, a strong increase in force
is seen at the indentation depth of 4 nm, after the indenter touched the flake. A detailed
analysis of the plastic processes inside the sample [26] shows that the peak is caused by stress
increase immediately before dislocations are generated in the lower Ni block; the generation
of plasticity then partially relieves the stress.
For both bi-crystal systems, a systematic influence of the graphene depth shows up at the
position of the first load drop, at around 0.8 nm. This load drop is caused by the emission of
dislocations due to the high stresses caused by the indenter; the creation of these defects
partially releases the stress and leads to the load drop. However, the created dislocations
already touch the flake in the case the shallowest flake situated at 3 nm depth; this leads to
the smaller indentation force in this case.
We conclude that the exact positioning of the graphene flake beneath the indenter has
only a small influence on the force of the indenter. Only when the indenter touches the
graphene, and at the initial load drop, when dislocations are generated, the exact position of
the flake is relevant.
3.2 Influence of graphene size and orientation
The graphene flake used up to now had a square shape of side length 34 nm, and was aligned
with the (111) surface of the lower Ni block. In the following we will focus on the Ni bi-crystal
containing a 60◦ twist grain boundary at a depth of 3 nm, and will denote this setting as
the “standard case”. In Figs. 3 and 4, we vary the size and exact positioning of the graphene
flake and study its consequences on the indentation force. The “standard case” simulations
are included in these plots as a reference; individual results are shown in order to allow to
asses their variance.
Fig. 3a gives an example of how the indentation force varies, if the lateral position of
the graphene flake is slightly changed by ± 2 Å. Note that due to the lattice mismatch
between graphene and the Ni(111) surface of 2.9 %, the graphene lattice is incongruent
with the Ni(111) surface and so there is no “optimum” lateral positioning (on the atomic
scale) which minimizes the interaction energy. However, this figure shows us that a different
lateral graphene position does not change the response of the composite to indentation in
any statistically relevant manner.
Fig. 3b studies a second issue, namely the orientation of the graphene flake. In the
standard case, we assumed that the flake is oriented with respect to the lower Ni block. We
now introduce a misorientation of 30◦; this corresponds to a maximum misorientation, since
for a rotation by 60◦, the flake would be aligned with the upper Ni block. Again, the figure
shows no statistically relevant effect on the indentation force. This may appear surprising
since the graphene flake is now misaligned both with respect to the upper and the lower Ni
block. However, since the interface is incoherent anyway, even a rotation of the graphene
flake does not disturb the performance of the interface under indentation.
Finally, we investigate the influence of the size of the flake on the force-depth curves. On
the one extreme, we expanded the flake laterally infinitely, thus mimicking a macroscopically
large graphene sheet. This was achieved by extending the graphene flake to the edges of the
simulation volume and using laterally periodic boundary conditions. As Fig. 4a shows, the
results are statistically indistinguishable from a finite flake of side length 34 nm. Only when
the indenter touches the flake, the “infinite” sheet shows a higher resistance, as demonstrated
by its increased force. This is because bending of the interface – which has to occur after the
indenter touched the interface, since the graphene is too strong to tear – is more difficult for
the larger flake.
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Figure 3 Force-depth curves for indentation in a Ni bi-crystal containing a 60◦ twist grain
boundary coated with graphene. Results are shown for a flake (a) with varied lateral position, (b)
rotated by 30◦, (c) with laterally infinite size, as mimicked by periodic boundaries, and (d) for a
smaller flake of edge length 10 nm. Simulation data are compared to individual indentation results
of the standard case.
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Figure 4 As in Fig. 3, but for a flake (a) with laterally infinite size, as mimicked by periodic
boundaries, and (b) for a smaller flake of edge length 10 nm. Simulation data are compared either
to individual indentation results of the standard case (a), or with averages of the results of standard
cases (b).
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Figure 5 Force-depth curve for indentation into a 60◦ grain boundary at 3 nm depth coated by
graphene. The results of a changed Ni-graphene potential are compared to individual indentation
results for the standard case.
On the other hand, we decreased the size of the flake to only 10 nm × 10 nm. Here, the
simulation (Fig. 4b) shows a hardening as compared to the standard flake size of 34 nm, but
the hardening does not quite reach the values of the pure Ni sample. The general decrease
of the force – compared to the pure Ni case – before the indenter touches the graphene is
caused by the absorption of dislocations in the interface [25, 26]. A smaller flake can absorb
only fewer dislocations such that with decreasing size of the graphene flake, the results
continuously converge to those of the case of elemental Ni. After the indenter touched the
interface, at around 4 nm indentation depth, we see a force maximum followed by a sharp
decrease, which is reminiscent of the behavior of the 30◦ twist boundary, see Fig. 2b. This
occurs because dislocations start nucleating in the lower Ni block and release the stress that
has built up.
We conclude that the exact positioning of the graphene flake and its orientation do not
alter the performance of the composite during indentation, since the quality of the incoherent
interface cannot deteriorate further. On the other hand, its size matters to some extent.
Smaller flakes show increased strength, since less dislocations are absorbed in the interface.
Larger flakes, however, only show changes when the indenter touches the interface; they then
appear harder since graphene bending is rendered more difficult. This demonstrates that our
size of 34 nm was chosen well for studying the effects of large flakes under indentation.
3.3 Influence of the Ni-graphene interaction potential
The interaction between graphene and the surrounding metal is usually modeled by a simple
Lennard-Jones (LJ) potential [7, 2, 10, 16, 29],
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This simple interaction presumes that all covalent bonds within graphene are saturated such
that the C atoms will only have van-der-Waals interactions with the surrounding metal. We
follow here the argumentation of Huang et al. [7] that the C-Ni interaction is at least one
order of magnitude smaller than that of the Ni-Ni interaction. This paper recommends the
LJ parameters ε = 23.049 meV and σ = 2.852 Å.
We now study the sensitivity of our results towards changes in the potential parameters
for the Ni(111) surface. Indeed, several ab-initio calculations studied the complexities of
the Ni-graphene interaction. Khomyakov et al. [9] find that the interaction involves the
formation of chemical bonds that induce hybridization between graphene pz states and
metal d states. Tavazza et al. [24], using DFT calculations of the interaction of a C tip
to a Ni surface, calculated a LJ potential [24] with ε = 200 meV and a length parameter
of σ = 1.514 Å. This potential actually implements a strong covalent NiC bond; the atom
distance (21/6σ = 1.70 Å) is close to that of a NiC dimer, 1.62 Å. We use this potential
as an extreme case to illustrate the consequences of strong bonding, even though it will be
unrealistic for a Ni-graphene sheet interaction.
The results for the changed Ni-C interaction are shown in Fig. 5. We see that before
the tip touches the graphene, the force is not affected by the changed potential. However,
upon direct contact, the indenter force strongly rises. This occurs, since the covalent strong
interaction between Ni and graphene effectively increases the stiffness of the graphene sheet
and requires a stronger force of the indenter to bend it. This result is in agreement with
previous results [25] for the Ni(100) surface which showed that while an increase of the
bond strength does not change the indentation behavior, a decrease of the length parameter
lets the indentation force increase, since then the repulsive part of the Ni-C Lennard-Jones
potential can transfer larger forces.
We conclude that even strong bonds between graphene and Ni – which might occur in
a situation where graphene is highly defective, since graphene edge atoms might develop
covalent bonds to the metal – change the hardness of the composite only when the indenter
touches the graphene. Then the strong bonding adds to the out-of-plane stiffness of graphene
and thus to the hardness of the composite.
4 Conclusions
We studied nanoindentation into a Ni bi-crystal containing a graphene sheet. We obtained
the following findings.
1. The depth at which the graphene flake is positioned has surprisingly little effect on the
indentation force. However, when the indenter touches the flake, the indentation increases
due to a stress increase caused by the difficulty to nucleate dislocations in the lower Ni
block. Also at the initial load drop, when dislocations are generated, the exact position
of the flake is relevant.
2. Since the Ni-graphene interface is incoherent, small changes in the exact (atomic-scale)
lateral positioning of the flake, and even rotations with respect of the orientation of the
Ni(111) lattice have negligible effects on the indentation behavior.
3. When graphene flakes are smaller in size, the indentation force approaches that of
the elemental Ni crystal; the effect of graphene diminishes. On the other hand, if a
graphene sheet with periodic boundary conditions is used – so as to approximate a flake
of macroscopic extension – the indentation force increases as soon as the indenter is
touched, since bending of the graphene becomes more difficult.
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Figure 6 Force-depth curves for indentation in a Ni crystal containing vertical graphene flakes.
Data are shown for three different systems: pure Ni, Ni containing 2 graphene flakes and Ni containing
5 graphene flakes.
4. In simulations, usually a pairwise interaction potential between the C atoms of the
graphene flake and the Ni atoms is assumed, which models van-der-Waals-like interactions.
When changing the potential to a stronger covalent-like bonding, indentation results
are only affected when the indenter touches the graphene. The composite then appears
harder, since bending of the graphene flake requires higher forces.
5 Vertical orientation of the graphene
In the present study as well as in previous computational work [2, 11, 31, 29, 6, 25, 26], the
graphene flake is oriented parallel to the substrate surface and thus perpendicular to the
indentation direction. However, it might be expected that the orientation of the graphene
plane with respect to the indentation direction exerts a strong influence on the mechanical
behavior. In order to study this influence, we investigate in this Appendix the extreme case,
where the graphene flakes are oriented parallel to the indentation force and thus perpendicular
to the surface. We simulate two scenarios: two graphene flakes placed at a distance of 20
nm positioned symmetrically such that the indenter does not touch them, and five graphene
flakes at a distance of 5 nm positioned such that the indenter touches one of them at deepest
penetration. The graphene flakes are embedded in single-crystalline Ni; they do not reach
the surface, but end sufficiently far from the surface that the indenter touches them only at
full penetration.
Fig. 6 displays the force-depth curves of these systems and compares them to the case
of pure Ni. The effect of the flakes on the force evolution is indeed minor. In particular,
the 2-flakes system shows a behavior that is – apart from the noise that is generated by the
statistical fluctuations of dislocation generation – quite close to that of the pure-Ni system.
The 5-flake system appears to be somewhat weaker than the others. This weakening is
already seen quite early, at indentation depths below 1 nm; here the presence of graphene
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allows for an easier nucleation of dislocations. Since dislocation generation releases the stress
in the sample, the force acting on the indenter decreases. At larger indentation depths, when
dislocations may glide easily along the flakes away from the indenter, the force in the 5-flake
case is slightly smaller (in average) than in the other cases.
A detailed inspection of the simulation results shows that the dislocation network generated
by the indentation is constrained laterally by the graphene flakes; however, the depths reached
by the dislocations are similar in all cases, since dislocation propagation into the crystal
interior is not blocked by graphene in this geometry. Dislocations are not repelled by the
flakes but may extend to them resulting in lateral displacements of graphene atoms similar
to what was described earlier in the literature [25]. In addition, the Ni dislocations can easily
glide along the graphene flakes downward in the course of the indentation. Thus, while the
flakes hinder the lateral expansion of the dislocations from their point of generation near the
indenter, the dislocations may move freely downward and thus release the stress build-up
by the indenter. This feature explains the negligible influence of the graphene flakes on the
force-depth curve, Fig. 6, in this orientation.
We conclude that the vertical arrangement of graphene flakes only little influences the
indentation behavior of Ni, and leads to only a slight weakening of the sample. This is caused
by the fact that Ni dislocations – once they got attached to the flakes – can glide easily
along them. Thus the effect of graphene on the indentation behavior in this geometry is even
smaller than with the flakes oriented perpendicular to the indentation direction, where the
flakes are able to block the dislocation propagation towards the material interior.
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